Bioenergy with carbon capture and storage (BECCS), and other negative emissions technologies (NETs), are integral to all scenarios consistent with meeting global climate ambitions. BECCS's ability to promptly remove CO 2 from the atmosphere in a resource efficient manner, whilst being a net energy generator to the global economy, remains controversial. Given the large range of potential outcomes, it is crucial to understand how, if at all, this technology can be deployed in a way which minimises its impact on natural resources and ecosystems, while maximising both carbon removal and power generation. In this study, we present a series of thought experiments, using the Modelling and Optimisation of Negative Emissions Technologies (MONET) framework, to provide insight into the combinations of biomass feedstock, origin, land type, and transport route, to meet a given CO 2 removal target. The optimal structure of an international BECCS supply chain was found to vary both quantitatively and qualitatively as the focus shifted from conserving water, land or biomass, to maximising energy generated, with the water use in particular increasing threefold in the land and biomass use minimisation scenario, as compared to the water minimisation scenario. In meeting regional targets, imported biomass was consistently chosen over indigenous biomass in the land and water minimisation scenarios, confirming the dominance of factors such as yield, electricity grid carbon intensity, and precipitation, over transport distance. A pareto-front analysis was performed and, in addition to highlighting the strong trade-offs between BECCS resource efficiency objectives, indicated the potential for tipping points. An analysis of the sensitivity to the availability of marginal land and agricultural residues showed that (1) the availability of agricultural residues had a great impact on BECCS land, and that (2) water use and land use change, two critical sustainability indicators for BECCS, were negatively correlated. Finally, we showed that maximising energy production increased water use and land use fivefold, and land use change by two orders of magnitude. It is therefore likely that an exclusive focus on energy generation and CO 2 removal can result in negative consequences for the broader environment. In spite of these strong trade-offs however, it was found that BECCS could meet its electricity production objective without compromising estimated safe land use boundaries. Provided that the right choices are made along BECCS value chain, BECCS can be deployed in a way that both satisfies its resource efficiency and technical performance objectives.
Introduction

BECCS potential for climate mitigation is uncertain
With a remaining carbon budget of 800 Gt CO 2 , and total global emissions approaching 40 Gt CO 2 per year, the need for net CO 2 removal from the atmosphere in order to maintain a 2 to 1.5 C trajectory for 2100 is unequivocal. As no negative emissions technology (NETs) has been found to be an obvious and unique winner, which, how, and how much of these technologies should be deployed to guarantee efficient, sustainable and permanent CO 2 removal remains a fundamental research challenge. 1, 2 Combining two existing technologies -bioenergy and carbon capture and storage (CCS), and presenting the co-benefit of producing energy whilst removing CO 2 from the atmosphere, BECCS has received particular focus. In particular, the veracity of claims that BECCS has the potential to simultaneously produce power, and remove CO 2 from the atmosphere in material quantities and in a relevant time frame, whilst having limited effects on ecosystems and biodiversity, is the subject of current study. [3] [4] [5] [6] [7] [8] Concerns surrounding excessive freshwater use, land use, biochemical flows, land use change, and impact on biodiversity have been raised. In Smith et al., 8 additional water volumes as high as 720 km 3 as compared to a business as usual scenario, and land area between 380 and 700 Mha were required to remove 12 Gt CO 2 per year, highlighting BECCS as one of the most resource intensive NETs. In Boysen et al., 6 it is argued that even assuming substantial emissions reduction, BECCS scale of deployment would have considerable economic and environmental impacts, using over 1.1 Gha of the most productive land, or eliminating over 50% of natural forests, in addition to using over 100 Mt per year of nitrogen fertiliser. In a recent study by Heck et al., 5 the authors studied different BECCS pathways including biomass to hydrogen (B2H2) and biomass to liquid fuels (B2L), with different feedstocks, and argued that, were BECCS to be deployed in strict respect of the planetary boundaries (PBs) as defined in Steffen et al., 9 actual CO 2 removal would be of the order of 0.2 Gt CO 2 per year, hence two orders of magnitude below what would theoretically be required by 2100. 10, 11 Allowing BECCS to trespass in the PBs uncertainty zone however, could enable the removal of up to 22 Gt CO 2 per year. In previous contributions, 3, 4 using the Modelling and Optimisation of Negative Emissions Technologies (MONET) framework, we quantified the extent to which BECCS resource mobilisation may be region and biomass specific, putting forth the need for case specific BECCS value chain design. Careful design and optimisation of BECCS value chains therefore appears vital to unlock the potential large-scale deployment of this technology.
BECCS value chain design is a multi-criteria optimisation problem
Cost-based optimisation is a common approach in the field of supply chain design. In a study by Tagomori et al., 12 the authors investigated BECCS potential in Brazil by determining the cost-optimal CO 2 transport network, with CO 2 captured from biogenic sources. Akgul et al. 13 studied the optimisation of BECCS at the process scale, by determining the BECCS optimal technological pathway for power generation. Through a paretofront analysis, trade-offs between the cost and carbon intensity of the system were examined. Other studies have looked at spatially-explicit cost-optimal BECCS deployment pathways in South Korea, 14 France 15 and the US. 16, 17 However, owing to the range of potential environmental impacts associated with BECCS, as well as services provided -power generation and carbon dioxide removal, BECCS key performance indicators (KPIs) are necessarily highly diverse. BECCS value chain optimisation is therefore inherently multi-objective, and by focusing either on cost, or on the trade-offs between economic and environmental performance, one could easily cloud the complex interactions existing between BECCS environmental impacts. In their work, Heck et al. 5 presented a global land and biomass optimal allocation model for BECCS via B2H2 and B2L, in which the weighted sum of BECCS environmental impacts -freshwater use, forest loss, biosphere integrity and biochemical flows -resulting from achieving a fixed biomass harvest objective, was minimised. The results highlighted trade-offs between bioenergy production and negative emissions potential, as well as freshwater use and forest loss. However, the difficulty with preference-based optimisation is that the optimisation results obtained are highly dependent on the values attributed to the weights, thus on the relative importance of each objective, which can be highly region specific. Furthermore, whilst the model carefully considered planetary boundaries and regional biomass production potential, BECCS downstream logistics, such as biomass processing and transport to potential CO 2 storage, were not included. This contribution thus addresses this gap via the development of a BECCS value chain optimisation model which explicitly accounts for biomass processing, transport and use in the vicinity of CO 2 sinks, and investigates the trade-offs between BECCS KPIs through pareto-analysis.
Deploying BECCS within planetary boundaries: the case of marginal lands and agricultural residues
In order to be sustainable, BECCS needs to be deployed within all planetary boundaries. To avoid potential land use change 18, 19 and competition with other land uses, there have been many attempts to evaluate the amount of marginal, yet suitable, land for bioenergy production. The main caveat comes from the difficulty in defining the nature of marginal land (MAL). Edrisi et al. 20 differentiates wastelands for biomass cultivation by two views: the suitability/quality of the land, and the socio-economic value of the land. In this context, marginal land is considered to be at the intersection of under-utilised lands and neglected unused land. The definition of marginal land can also vary in time. A farmer might choose to use a parcel of marginal land one year, and leave it unused the next, depending on the profitability of this land in this specific year. This diversity in definition results in a variety of marginal land evaluation. In 2011, Cai et al. 21 provided an extensive mapping of marginal land, by quantifying the mixed crops, natural vegetation land, cropland, schrubland, savanna and A total of 37.8 Mha was found to be available and unprotected, with approximately 20% of this land was considered very suitable for biofuel production. It is worth noting however that the suitability modelling framework was used for conventional oil and grain crops production, and perennial grasses such as Miscanthus and Switchgrass could potentially be more resilient. In China, marginal land including saline land, steep hillside and idle land was evaluated at 35-75 Mha, 25 while another study pointed to 44 Mha exploitable for energy plants. 26 A more detailed study on miscanthus production in China evaluated at only 17 Mha the potential Miscanthus production area in China, with yields as low as 2 t per ha in bare areas. 27 In Europe, a study by
Strapasson et al. 28 based on FAO land cover and land use data quantified the land available in the EU for bioenergy production to 20 Mha. In India, a study by Edrisi et al. 20 evaluated the potential of MAL for bioenergy production to 39 Mha, providing suitable soil amendments and agro-technologies are used to improve the fertility/productivity of the various wasteland considered. Table 1 summarises these findings, highlighting the great range in marginal land availability assessments in the literature. Using agricultural residues could represent an alternative to using marginal land, while still avoiding land use change. However, mismanagement or over-utilisation of agricultural residues could led to various negative impacts among increased water evapotranspiration, soil depletion, productivity loss, erosion. 29, 30 The use of agricultural residues in an attempt to reduce BECCS's impact on land use, water use and land use change, therefore needs to be carefully monitored.
Achieving negative emissions via BECCS: the example of the UK
As part of its transition to a low-carbon economy, the UK has committed to be carbon neutral by 2050. Forecasts anticipate that in achieving this target, 50 Mt per year of carbon dioxide could be sustainably removed from the atmosphere, in order to offset remaining emissions from various sectors of the industry. 34 Furthermore, at the time of writing, the Committee for Climate Change (CCC) has been instructed to investigate the implications of meeting the Paris targets on UK carbon budgets, signalling a potential increase in ambition. 35 Were
NETs to be delivered via BECCS, building sustainable biomass supply chains, as well as deploying an efficient CCS network, will be crucial in reaching this target. In 2015, the total EU pellet consumption reached 20 Mt of biomass pellets, with 6.2 Mt of imports, coming at 90% through the North America-EU trading route. In the UK, Drax power plant alone used 6.5 Mt CO 2 of pellets in 2016 for its three biomass-dedicated 660 MW units. Though the majority of Drax feedstock originates from sawmill and forestry residues, 36 an increasing biomass demand in the UK, for both bioenergy and negative emissions purposes, will inevitably result in the diversification of the biomass feedstock, likely combining both domestic and imported agricultural residues and dedicated energy crops. On the CCS front, sizable volumes of CO 2 storage have been identified in both offshore and onshore aquifers. 37 Given the UK's 2050 carbon removal target and identified available CO 2 storage in the North Sea, the design of optimal BECCS value chains for UK-based CO 2 removal from the atmosphere is the central case study investigated in this contribution. However, the framework is applicable to any region with identified CO 2 storage and CO 2 removal targets, and we further extend this work to present a series of thought experiments describing optimal supply chains to meet US and China-specific carbon removal targets, in southern US and eastern China, respectively.
Contribution of this study
This study presents a region-specific optimal allocation of resources -biomass feedstock, land, water, energy -to meet region specific carbon dioxide removal target via BECCS. The MONET framework was used to determine the optimal View Article Online combination of feedstock type, region, land type, and transport route to a given region to remove CO 2 with a fleet of 500 MW UK, US and China-based pulverised combustion power plants, in conjunction with CO 2 capture and storage. Section 2 presents the model and assumptions used for this analysis, detailing the amendments and additions made to the MONET framework since its first implementation. 4 Section 3 presents the different optimal BECCS value chains to minimise either the total water use, land use and biomass use. Section 3.2 investigates the trade-offs between these different environmental indicators, while Section 4 investigates the sensitivity of these indicators to the availabilities of marginal land and crop residues. Finally Section 5 further investigates the relationship between the two services provided by BECCS -carbon dioxide removal and energy production -by highlighting the trade-offs between BECCS environmental performance indicators and energy production service.
Methodology
In order to sustainably contribute to climate change mitigation, negative emissions technologies must (1) deliver the service(s) for which they were deployed, i.e., CO 2 removal and, in the case of BECCS, energy production, (2) at a low resource cost, and (3) with limited indirect impact on the markets and ecosystems. We summarise these three criteria by the NETs trilemma, illustrated in Fig. 1 . The NETs key performance indicators (KPIs) include net CO 2 removal, tN CO 2 , and net electricity production, tNE, to evaluate technical performance, water use, tWU, land use, tLU, and biomass use, tBU, to evaluate resource efficiency, and agricultural residue use, tRU, and land use change, tLUC, to evaluate BECCS economic-environmental impacts. To clarify, no cost analysis was included in the MONET framework, which means that the total system cost is not one of the objective functions explored in this study. This is left for future work.
In order to position BECCS within this performance trilemma, we designed the MONET framework which comprises (1) a BECCS value chain model which calculates the water use, land use, net CO 2 removed, CO 2 breakeven time, net electricity produced and net CO 2 efficiency of different BECCS value chains, and (2) a BECCS value chain optimisation model which determines the optimal combination of BECCS value chain configurations to meet a given CO 2 removal target.
MONET value chain modelling framework
The value chain model specifically accounts for biomass cultivating, harvesting, pelleting, transport to a given region and conversion in a pulverised combustion plant combined with post-combustion CO 2 capture and subsequent storage in the vicinity of the power plant. The conversion technology considered is a 500 MW dedicated pulverised biomass thermal power plant, combined with post-combustion amine-based carbon capture. In a previous contribution, we evaluated the power generation efficiency of the facility at 26% HHV , including the CCS energy penalty. 4 The value chain configurations are characterised by distinct:
Biomass feedstock, b: miscanthus, switchgrass and short rotation coppice willow as archetypal dedicated energy crops, and wheat straw as an archetypal agricultural residue, Sub-region, sr, from which the biomass is imported: Brazil, China, EU, India and the USA are considered as potential regions of import, and discretised at the state/province level, resulting in 170 potential cells for biomass farming. Each cell is defined by its area and the position of its centroid.
Land type, l, on which the biomass is grown: cropland, grassland, forest and marginal land. The different land scenarios are included to account for direct (LUC) and indirect (ILUC) land use change, i.e., the direct and indirect CO 2 emissions associated with the conversion of a certain land type to bioenergy production. Different types of land are associated with distinct LUC and ILUC, and the resulting emissions are highly dependent on the biomass type, economic use of the land, region, timeframe considered, etc. As a simplification in this study, LUC and ILUC values, within a range of uncertainty, are attributed to the different land types, regardless of the region and biomass type. It was therefore considered that no LUC/ILUC was attributed to marginal land, medium LUC and high ILUC were attributed to cropland and grassland, as using these managed lands means an activity must be re-allocated elsewhere, and high LUC and no ILUC were attributed to forests. Converting a low vegetation land such as a marginal land, to a managed bioenergy crop with deep rooted perennial grasses, could result in negative land use change, i.e. net soil CO 2 sequestration. 38, 39 While these effects could improve BECCS CO 2 balance, we adopted the conservative approach of not considering them, given the uncertainty around their amplitude and permanence. Port, p, which is used for shipping the biomass from its region of origin to the region of conversion and sequestration. Each sub-region sr has access to a port p as long as there is a road access to this port. Fig. 1 Schematic of the NETs trilemma. NETs key performance indicators are reassembled in three categories: technical performance -net CO 2 removal and electricity production, resource efficiency -water, land and biomass use (equivalent to CO 2 efficiency), and economic-environmental impacts -land use change and agricultural residues use (with potential impact on soil productivity and erosion). 
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A schematic of the current bio-geo-physical map of the MONET model is presented in Fig. 2 , including the ports and biomass collection points.
Spatial discretisation and transport distance
Building on our previous work, 3, 4 the level of spatial discretisation was increased from the macro-region level -Brazil, China, EU, India, USA -level to the province/state level -Brazilian, Indian and US states, Chinese provinces, EU countries. A consequence of this discretisation in a change in the computation of the road distance for biomass pellet transport. Sub-regions are polygons represented geographically by the latitude Y(sr) and longitude X(sr) of their centroid. Similarly, ports are represented by their latitude Y P (p) and longitude X P (p). Three options are considered for biomass transport from a sub-region, sr, where biomass is produced, to a sub-region, sr end , where biomass is converted into energy and CO 2 is stored: (1) road transport by heavy duty vehicles (HDV) if there is a road access between sr and sr end , (2) a combination of road and sea transport by container ship, (3) and short distance transport (50k) by HDV if sr and sr end are the same regions. For simplicity, rail and barge are not considered in this analysis. The optimal transport route -option (1), (2) or (3), and optimal ports p and p end in option (2) -is determined by the optimisation program. The road distance considered in the model is therefore the euclidian distance between sr and sr end in (1) , and the summation of the euclidian distance between sr and p and between sr end and p end in (2), corrected by a region-specific tortuosity factor t(sr): calculates the water intensity of BECCS by adding three terms: the blue, the green and the grey water. In our model, the green water is considered to be the crop water demand which is met by precipitation, whereas the blue water is the additional amount of fresh water required to grow the biomass, and in the power plant. The grey water is the amount of polluted water resulting from the fertiliser use at the field level. 4 In order to only account for the marginal amount of water required for BECCS, WU CO 2 (sr,b,l,p) only includes the blue and grey water contributions. In the case of biomass residues such as wheat straw, the blue water associated with straw production is allocated to the production of wheat, and therefore considered to be zero. PPLU CO 2 (sr,b,l,p) is the amount of land used by BECCS facilities to remove 1 ton of CO 2 , in ha per t CO 2 . Fig. 2 Representation of the sub-regions sr (or cells) and ports p considered for BECCS value chain modelling in MONET. Each cell is defined by its area and the position of its centroid, which were calculated using ArcGIS 10.5. 40 The map also displays the location of the weather stations, indicated by the blue dot in each cell, and obtained from the software CLIMWAT 2.0, 41 from which the climate data of each sub-region was collected. As an example in this figure, biomass can be shipped to the UK (black arrows), southern USA (purple arrows) and eastern China (blue arrows) for conversion and CO 2 sequestration.
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FLU CO 2 (sr,b,l,p) is the amount of land harvested for biomass at the field level per ton of CO 2 removed, in ha per t CO 2 . In the case of biomass residues such as wheat straw, the land footprint associated with straw production is allocated to the production of wheat, and therefore considered to be zero for straw. NE CO 2 (sr,b,l,p) is the amount of net electricity produced in GJ per ton of CO 2 removed, accounting for the energy cost of BECCS value chain. The approach used to calculate this metric has been presented in detail previously, 3 and is not repeated here. BU CO 2 (sr,b,l,p) is the amount of biomass used to remove 1 ton of CO 2 from the atmosphere, in t DM per t CO 2 .
BioC(b) is the biomass carbon content in % DM . CN CO 2 (sr,b,l,p) is the cumulative net amount of CO 2 stored by a BECCS configuration, over its lifetime, per hectare of land, in t CO 2 per ha.
CNE(sr,b,l,p) is the cumulative net amount of electricity produced by a BECCS configuration, over its lifetime, per hectare of land, in MJ per ha.
BET CO 2 is the CO 2 breakeven time of the BECCS configuration, i.e., the time required for the system to be carbon negative.
BET E is the electricity breakeven time of the BECCS configuration, i.e., the time required for the system to be energy positive.
Supply chain optimisation framework
The purpose of this work is to determine the optimal BECCS value chain required to remove 50 Mt CO 2 per year in a given region, by allocating the amount of CO 2 removed annually per configuration CO 2 rem(sr,b,l,p) while minimising or maximising different objective functions [
Minimisation of total water use tWU:
WU CO 2 ðsr; b; l; pÞ Â CO 2 remðsr; b; l; pÞ (4)
Minimisation of total land use tLU which accounts for the harvested land in region sr, and the land used by the BECCS facilities:
Similarly to fresh water use, the cultivated land associated with the production of wheat straw is allocated to wheat production. Wheat straw land footprint at the field level is therefore not accounted for in the summation: Maximisation of the total CO 2 efficiency tZ CO 2 , i.e., the ratio of the amount of CO 2 permanently removed tN CO 2 to the amount of CO 2 stored in the biomass, tBioCO 2 . The latter is directly related to the amount of biomass used:
BioCO 2 ðsr; b; l; pÞ Â CO 2 remðsr; b; l; pÞ
tN CO 2 ¼ X sr;b;l;p CO 2 remðsr; b; l; pÞ (10)
As the total amount of CO 2 removed is fixed, maximising tZ CO 2 is equivalent to minimising tBioCO 2 . As tZ CO 2 is an nonlinear variable, tBioCO 2 is thus minimised to ensure the linearity of the model. It is worth noting that minimising the total amount of CO 2 stored in the biomass is equivalent to minimising the total amount of biomass used.
Maximisation of the net electricity produced tNE by the BECCS value chain:
NE CO 2 ðsr; b; l; pÞ Â CO 2 remðsr; b; l; pÞ (12) The preference-based procedure of using a weighted sum of the different objectives as a unique objective function was not used here for two reasons. First, the inherent diversity of the different objectives -land use, water use, CO 2 efficiency and net energy produced -make them complex to convert into one single objective. Secondly we estimated that preference of one objective over the others will be highly region specific, and choosing these factors arbitrarily could therefore give irrelevant results as to BECCS optimal value chain. Therefore, in the first instance, we chose to treat each of these objectives separately, and leave the multi-criteria, multi-stakeholder problem for future work. Thus, we have formulated four distinct scenarios which allow us to perform a series of thought experiments across the BECCS value chain. These four optimisation scenarios are subject to the following constraints:
The configurations considered must be carbon negative within a relevant time-frame, i.e., the BET CO 2 (sr,b,l,p) must be smaller than the project lifetime, considered to be 50 years in this analysis:
This constraint is equivalent to CN CO 2 (sr,b,l,p) being positive:
The amount of net CO 2 removed annually by the configuration, CO 2 rem(sr,b,l,p) must be positive:
In a first instance, we also constrained the configurations to be energy positive:
As electricity production is not the primary service delivered by BECCS, this constraint may be relaxed if the optimisation problem cannot solve.
The total amount of CO 2 removed must be equal to the set CO 2 removal target:
An equality constraint was chosen over an inequality constraint in eqn (18) , as an inequality constraint would lead to BECCS being deployed over the CO 2 removal target in the energy maximisation scenario. The amount of land harvested in each region for dedicated energy crops is limited by the availability LA(sr,l) of land type l in sub-region sr: X baWheat;p FLU CO 2 ðsr; b; l; pÞ Â CO 2 remðsr; b; l; pÞ LAðsr; lÞ (19) Though no land footprint is attributed to wheat straw production, the amount of harvested land for wheat is each region is limited the wheat area availability WA(sr) in subregion sr: X p FLU CO 2 ðsr; wheat; cropland; pÞ Â CO 2 remðsr; wheat; cropland; pÞ WAðsrÞ
To evaluate the extent of land use change under each optimisation scenario, the variable tLUC is calculated as the summation of all land types other than marginal land -i.e., cropland, grassland and forest -used for the production of dedicated energy crops: 
Pareto-front analysis
The e-constraint method was used to quantitatively evaluate the trade-offs between the four objective functions. For each combination of objective functions, f j and f k , the following optimisation problem was solved:
with e the upper bound vector [e 
Data curation
The model input data at the macro-region level has been reported in detail in previous contributions. 3, 4 However, biomass yield, climate data, and carbon intensity of electricity were desegregated at the state/province level. Ports and centroid locations, as well as distances between ports were also added. Furthermore, data related to land availability constraints, such as land cover (forest, grassland and cropland), marginal land availability and harvested wheat area were added to the model. The software ArcGIS 40 was used to process datasets obtained from the literature, and, aggregate the different values at the sub-region level. Fig. 3 illustrates three potential BECCS value chains for CO 2 storage in the UK, with key regional input data such as biomass yield, CO 2 intensity of the electricity, marginal land area and wheat harvested area. In a UK case study, though using domestic pellets would minimise the pellets' transport distance to the BECCS facility, factors such as the regional electricity carbon footprint, which significantly affects the carbon intensity of biomass pelleting activities, precipitation, which impacts biomass water footprint, biomass yield, which has multiple impacts on the value chain, or marginal land and wheat straw availability, which constraints the amount of BECCS that can be deployed without causing land use change, can be determining in the design of BECCS optimal value chain. 2.6.1 Sub-regional representation. Polygon shapefiles of the administrative boundaries of each macro-region were obtained from the ArcGIS databases. 40 All shapefiles were projected in the WGS-1984 coordinate system, before being merged into one world shapefile containing 170 cells. The latitude and longitude of the centroid of each cell, as well as the cell area, were calculated using ArcGIS, and used as inputs in the model. Fig. 2 shows the world map with the positions of the sub-regions centroid. Fig. 3 Illustration of three potential BECCS value chain to a UK-based BECCS facility: using domestic pellets, which minimises transport distance, or importing pellets from Louisiana (USA) or Maranhao (Brazil). Factors such as carbon intensity of electricity, precipitation, biomass yield, marginal land area and wheat harvested area are paramount when determining BECCS optimal value chain. 
Spatial disaggregation of the input data.
Climate data: the location and data of climate stations were obtained from the software CLIMWAT, 42 and were attributed to each sub-region. Fig. 2 provides the location of these stations. Climate data recorded by the weather stations, such as monthly precipitation, average low and high temperature, relative humidity, sunshine hours, wind speed, monthly precipitation, as well as the location and altitude of the stations, were then read in the software CROPWAT. 41 Yield data: yield data for different regions of the world were collected for each dedicated energy crop from the literature. When available, yield datasets with high regional discretisation were used. 27, 43 When the yield data of a sub-region sr was unknown, the yield of the sub-region with the closest climate conditions, according to the Koppen Climate Classification 44 was used. Wheat grain yield was obtained at the country level from the FAO. 41 Low, median and high yields of each biomass type are provided in Tables 5-7 in Appendix A. Land cover: in order to determine the total cropland, grassland and forest area available in each sub-region sr, the MODIS global land cover with a spatial resolution of 15 arc second geographic was used.
45 Tables 2-4 in Appendix A provide the land cover per cell adapted from the MODIS database. Forest area was calculated summing Evergreen/ Deciduous Needleleaf/Broadleaf forests with the mixed forest categories. Grassland and cropland land cover were directly obtained from the land cover categories. Marginal land area: in order to use a consistent dataset for all regions, the marginal land dataset from the Cai et al. 21 study was used in this work. As a conservative approach, and to be consistent with other literature sources, only the lower bounds values (S1) from this study were considered. Similarly to land cover and wheat harvested area, the 30 arc second resolution raster file was processed to obtain the marginal land area in each sub-region, sr. Data is supplied in Tables 2-4 in Appendix A. Wheat harvested area: in order to constrain the amount of wheat straw available per region, the map of the world wheat harvested area with a spatial resolution of 5 minute geographic, obtained from the SPAM model, 46 was processed in ArcGIS 40 ( Tables 2-4 in Appendix A). It is worth noting that the harvested area per cell can be greater than the cell size, in the case of multiple harvests per year. Road tortuosity: the road distance was computed using euclidian distance, corrected by a tortuosity factor. Approximate tortuosity factors were computed for each sub-region sr, by dividing the road distance of the centroid to the nearest port, by the euclidian distance between these two points. Computed tortuosity factors are provided in Tables 5-7 in Appendix A.
2.6.3 Uncertainty and variability of the data. To capture the uncertainty and/or variability of some of the model input data, the MONET framework can be run under different data scenarios:
Median scenario: the average values of all parameters are used for the calculations, Low scenario or ''Optimistic'' scenario: values which minimise the water, land, CO 2 and energy intensities of BECCS value chain are used to perform the calculations. Lower bound values of the land use change emissions, biomass moisture content, carbon and energy intensities of chemicals and input products, fertiliser and chemical input rates, processing energy requirements, electricity carbon footprint, average power generation of the electricity are used. However, upper bound values for biomass yield per region, biomass energy density and biomass carbon content are used.
High scenario or ''Pessimistic'' scenario: values which maximise the water, land, CO 2 
To avoid including additional degrees of freedom to the model, no range of uncertainty or variability was implemented for marginal land availability, harvested wheat area, land cover, road tortuosity and climate data. Quantifying the impact of uncertainty in MONET was the focus of a previous contribution. 4 To assess the impact of the uncertainty of the model input data, thorough stochastic modelling would need to be performed. We leave this for future work.
Measuring BECCS impact on agricultural residues and land use change
In order to investigate BECCS economic-environmental impacts, three impact scenarios were considered in the optimisation framework: Scenario I: BECCS is only deployed via dedicated energy crops (DEC) grown on marginal land (MAL). Under this scenario, BECCS deployment does not cause land use change, and does not compete with other uses of agricultural residues (AR).
Scenario II: BECCS is deployed via dedicated energy crops grown on marginal land and agricultural residues from cropland. BECCS economic-environmental impacts are limited to the use of agricultural residues.
Scenario III: BECCS is deployed via dedicated energy crops from all land types, and agricultural residues from cropland. Under this scenario, BECCS deployment might compete with other markets and cause substantial land use change.
BECCS optimal value chain in the water-land-carbon nexus
In a first instance, this section presents different insights from the optimisation of the BECCS value chain required to remove 50 Mt CO 2 per year in the UK, under three different objective functions -water minimisation, land minimisation, and CO 2 efficiency maximisation, considering only DEC on MAL (I). To illustrate that the modelling framework can also be applied to meet other regional targets, this section includes the BECCS 
3.1
The optimal structure of BECCS value chain Fig. 4 presents the selected regions, ports, as well as marginal land use density in each cell (fraction of the total land used by BECCS), biomass pellets transport fluxes (arrows) and amount of net CO 2 removed per region for each objective function, in the median, optimistic and pessimistic data scenarios, to meet a UK target (black arrows). The coloured arrows illustrate how these optimal value chains may change as the location of the BECCS facility and CO 2 storage, and therefore the biomass transport distance, changes for the US (purple arrows) and China (blue arrows). A first conclusion in that the structure of the optimal BECCS value chain changes substantially depending on which metric is prioritised. Under the water minimisation scenario, represented in Fig. 4a , factors such a climate conditions, precipitation and yield play a central role in the water performance of each combination. In spite of substantial road and sea transport distance, regions from western and central Brazil are selected, owing to their combination of low carbon intensity of their electricity and high biomass yield, which highlights the strong trade-offs between transport and other supply chain parameters. As seen in Fig. 4b , when minimising land use, yield and supply chain emissions have a strong impact on the results, and productive coastal regions from Brazil are selected. Similar results are obtained in the CO 2 efficiency maximisation scenario (Fig. 4c) , though domestic biomass is also selected in the balance to minimise CO 2 leakage from transport. When changing the CO 2 storage location from the UK to Southern USA or Eastern China, the change in biomass transport distance significantly changes the optimal configuration in the carbon efficiency maximisation scenario, in which biomass transportation represents an important share of the overall CO 2 leakages along the chain. However from a water and land minimisation perspective, the optimal regions do not change significantly, which further confirms the low weight of transport distance as compared to other more prevalent factors, when it comes to resource conservation. These results were also found highly dependent on the model input data. As regional yield, fertiliser use, and carbon footprint of the electricity change from the median to the optimistic scenario, thereby decreasing regional pellets' water and carbon footprints, other regions such as northern Europe are selected in the water minimisation scenario. In the land minimisation scenario, miscanthus from the US east coast and southern Europe is selected. This is highly dependent on the yield range considered for each region. In the CO 2 efficiency maximisation scenario, a balance of Miscanthus from UK and Brazil are also selected in the optimistic and pessimistic scenarios.
The trade-offs between these resources can be assessed by evaluating the total land use, water use, and biomass use under the three optimisation scenarios, which are also represented in Fig. 4 . It is observed that water use, and to a smaller extent land use and CO 2 efficiency, are highly dependent on which metric is optimised. Water use increases threefold in the CO 2 maximisation scenario, as compared to the water minimisation scenario. CO 2 efficiency and land use variations are less important: regardless of the optimised metric, land use remains within 1.8-2.8 Mha for all scenarios, and CO 2 efficiency, within 48-54%. The trade-off Fig. 4 BECCS optimal supply chain to minimise global water use (a), land use (b) and CO 2 efficiency (c) in the median, optimistic and pessimistic scenario. There are strong trade-offs between the resource efficiency indicators: water increases threefold from the water minimisation to the CO 2 maximisation scenario. Overall, biomass from regions with higher yield, lower grid carbon intensity and higher precipitation is chosen over indigenous biomass. Changing the storage location from the UK to Southern USA or Eastern China brings significant changes to the optimal configuration in the CO 2 maximisation scenario, where transport plays an important role, but limited changes to the water and land minimisation configurations. 
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between CO 2 efficiency and land use is less extreme: in the pessimistic scenario, the supply chain required to minimise the land use is the same as the one required to maximise the CO 2 efficiency. The structure and the resource efficiency of BECCS optimal value chain are therefore very dependent on the objective function and parameters such as yield, fertiliser rate, climate and grid carbon intensity. Accurate weighing of each metric is required to determine an optimal BECCS value chain which reconciles all three metrics. Understanding which mechanisms might influence such decisions is therefore key to deploy BECCS optimally. Access to accurate data for the key model input parameters is also crucial.
Trade-offs within the water-carbon-land nexus
Trade-offs between the objective functions were quantitatively evaluated using the e-constraint method, and pareto-fronts between each objective functions were generated. Fig. 5 shows the pareto curves between f 1 , f 2 and f 3 in the median, optimistic and pessimistic scenarios.
As discussed in Section 3, the pareto lines in Fig. 5 In the case of land use against CO 2 efficiency, it is difficult to identify a tipping point, as the relationship is linear. However, the variation of the CO 2 efficiency is very limited for a given variation of land use, which shows that the optimal points are closed for both optimisation scenarios. This analysis shows the complex interactions between BECCS resource efficiency indicators. Deploying BECCS such that each indicator is maintained close to the tipping point, rather than optimised, could be a preferred option to maximise BECCS overall resource efficiency.
4 Sensitivity analysis
Limiting supply
As pointed out in the introduction, reliably quantifying the availability of marginal land is complex owing in part to the diversity in definitions, methodologies and datasets used. In 2013, Fritz et al. downgraded Cai et al. lower bound estimates by 69%, bringing the total marginal land availability from 320 Mha to 98 Mha. 22 Whilst the availability of agricultural residues can be evaluated with more certainty, determining which fraction of the residues is both recoverable from the field, and used for bioenergy without competing with other uses -for e.g. soil enriching or fodder, is not straightforward. In a recent study on biomass production potential from Brazil, 47 the author evaluated the harvestable proportion of agricultural residues to be below 50%, and the proportion of harvested resource available for bioenergy, below 10%. Owing to this complexity, we use this section to study the impact of constraining the availability of marginal land and agricultural residues on the total land use and total land use change in our various scenarios. Fig. 6 shows the evolution of the total land use tLU in the land minimisation scenario, and the total land use change tLUC for the three objective functions, as a function of marginal land and crop residues availability, in the impact scenario III. Fig. 6a shows that the availability of residues plays a first order role in the system's total land use. When it is limited to 20%, total land use increases by several orders of magnitude. This can be explained by the fact that no land use at the field level, nor CO 2 emissions from farming, except from the additional fertiliser cost resulting from the removal of the residues from the field, were attributed to agricultural residues, as opposed to dedicated energy crops. As a grey water footprint is attributed to crop residues because of this additional fertiliser use, water use is decreased to a smaller extent. As far as land use change is concerned, when minimising land use and maximising the CO 2 efficiency, land use change only occurs when AR availability is limited below 20%. When minimising water use however, land use change can be high even in high marginal land availability. Though land use change results in higher lifecyle CO 2 emissions, as long as the water consumption per CO 2 removed is still attractive, bioenergy crops planted on former cropland and grassland may still be preferable in the water minimisation scenario. This indicates the presence of trade-off between carbon removal and water use.
To provide further insight into this emergent behaviour, Fig. 7 illustrates the evolution of BECCS optimal value chain in the water minimisation scenario at 0% residue use availability, and constraining marginal land availability from 100% to 10%. 
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As marginal land availability decreases, it is interesting to see that the same regions from Brazil are used, but both the amount and proportion of grassland and cropland used increase, as well as the land use density. Other regions that had not been selected before, such as China, also start appearing in the results when land availability is drastically constrained, supporting the conclusion that the nearest regions are not necessarily the optimal regions from a water perspective. This study has provided insight into the important trade-offs between BECCS resource efficiency and economic-environmental impacts. It was shown that using agricultural residues could drastically relieve BECCS pressure on land use. In order to obtain the same result while avoiding competition with other uses of agricultural residues, using high productivity-high carbon content biomass such as algae, could be a promising alternative. 48 A second important trade-off exists between water use and land use change: minimising water use for BECCS might result in high land use change, particularly when the availabilities of marginal land and crop residues are constrained. This conclusion builds upon the previous contribution of Heck et al., 5 where this potential compromise was first alluded to. This further confirms that myopic focus on the trade-offs between BECCS environmental and economic performance is, at best, incomplete: there are complex interactions within BECCS environmental trade-offs which must be understood in order to deploy BECCS in a genuinely environmentally and ecologically benign manner.
Ramping up the carbon removal target
Though the UK projects a 50 Mt CO 2 per year, it is conceivable that more CO 2 might be stored in the UK for two reasons:
(1) the UK's own target might increase over the course of the century, 35 and (2) as regional storage availability is limited, other regions could be willing to store CO 2 in the UK as well.
As a thought experiment, we investigate how ramping up the targeted amount of CO 2 to be stored in the UK impacts the key performance indicators of BECCS value chain under the three optimisation and impact scenarios. The resulting water use under the water minimisation scenario (a), land use under the land minimisation scenario (b), CO 2 efficiency under the CO 2 efficiency maximisation scenario (c), and total land use change in all three optimisation scenarios, in the impact scenario III, are presented in Fig. 8 . Two insights can be derived from this thought experiment. First, the median world scale carbon dioxide removal can only be met in the impact scenario III, i.e., when BECCS is deployed on all types of land and using crop residues in addition to dedicated crops. As observed in Fig. 8 , by limiting bioenergy sourcing to dedicated energy crops from marginal land, up to 3.25 Gt CO 2 per year can be removed by deploying BECCS and storing the CO 2 in the UK (a). Adding residues (b) -wheat straw in this study, only marginally increases BECCS carbon removal capacity, which reaches 3.5 Gt CO 2 per year. Naturally, expanding the MONET framework by implementing other regions -Africa, Russia, Indonesia, Australia, in MONET, as well as climatetailored biomass crops and agricultural residues would increase this carbon removal potential and nuance this statement. For example, in 2016, a total of 770 Mt of corn was produced by the five regions considered in MONET. 49 Assuming a grain to corn stover ratio of 1 : 1, 50 a carbon content of 48%, the same carbon efficiency as using local wheat straw pellets (63% CO 2 efficiency, no long distance transport), and that all Evolution of BECCS optimal value chain in the water minimisation scenario at 0% AR availability, and constraining marginal land availability from 100% to 10%. bioenergy, resulting in a net removal of 8 to 10 Gt CO 2 per year depending on the CO 2 efficiency of the process, requires between 1000 and 4000 km 3 of blue water use (no grey water considered), depending on the weighting of the objectives in the objective function. This shows that though more CO 2 storage might be available in the UK, there is a limit beyond which CO 2 storage in the UK is no longer resource nor CO 2 efficient, which confirms the need for multi-polar systems when deploying negative emissions at the gigatone scale.
Energy production or resource conservation?
In the final section of this paper, we focus on the technical element of the trilemma, i.e., BECCS net electricity production potential. Fig. 9 presents the total water use (a), land use (b), CO 2 efficiency (c), net electricity produced (d) and land use change (e) in the four optimisation scenarios, in the impact scenario I.
It is observed that energy maximisation presents much stronger trade-offs with the other metrics: water use and land use increase fivefold, land use change by two orders of magnitude, and CO 2 efficiency decreases by 13 efficiency points, when maximising electricity production. This can be explained by the fact that, in order to maximise electricity production at a fixed CO 2 removal target, the ratio of energy production per amount of CO 2 removed needs to be maximised. This leads to the selection of regions featuring a high net electricity production, and/or a low net CO 2 removal, i.e., in the latter, regions that are inefficient at removing CO 2 from the atmosphere. This results in a high water use, land use and low carbon efficiency. Another interesting insight from this analysis is that in the pessimistic scenario, the system cannot be net electricity positive.
All of these results highlight the strong trade-offs between net electricity production and CO 2 efficiency, which is consistent with other studies in the literature. [3] [4] [5] 51, 52 In these studies, it was
shown that BECCS services -CO 2 removal and electricity production -mutually exclude each other. However, this contribution takes the analysis further by showing that the duality is not only between electricity production and CO 2 removal, but for Total water use, land use, and CO 2 efficiency, in scenario I, and land use change (scenario III) under four objective functions, in the median, pessimistic and optimistic scenarios. Energy maximisation presents much stronger trade-offs with the other metrics: to maximise energy the ratio of energy production per CO 2 removed needs to be maximised, which results in a high water use, land use, low carbon efficiency and land use change. Only focusing on energy production and negative emissions is detrimental to BECCS environmental performance. View Article Online a given CO 2 removal target, between electricity production and BECCS land use, water use, CO 2 efficiency and land use change. One should therefore consider all of BECCS' KPIs when designing its supply chain, as focusing only on BECCS main services -CO 2 removal and electricity production -can ultimately counteract the ostensible positive environmental impact of BECCS. Taking this point further, one can postulate the existence of a global BECCS supply chain which can satisfy both BECCS' energy production objectives and resource use constraints. Annual negative emissions requirements between 1.8 to 9.9 Gt CO 2 by 2050 have been predicted by integrated assessment models in order to maintain a 2 1C trajectory with median values around 7 Gt CO 2 per year. 5 Fig. 10 represent the total electricity generated tE for different land constraints, under the energy maximisation scenario. Land use is separated in three zones: the ''safe'' zone in green, where land use is constrained to 2.2 Mha, the uncertainty zone in yellow, where land use is constrained under 7.8 Mha, and the forbidden zone in red. The system's total water use is represented by the colour scale, and the total biomass use, by the size of the droplets. Energy production in the water, land and biomass minimisation are also represented for comparison by the triangles. Fig. 10 shows that, even while maintaining the total land use in a ''safe'' zone (i.e., inferior to 2.2 Mha), BECCS electricity production objective is met; the markers are outside of the grey area. Though maximising energy production drastically increases water, land and biomass use, it is nevertheless possible to reconcile BECCS energy generation objective with land use constraints. Similarly, the triangles representing the water, land and CO 2 efficiency minimisation and maximisation are also located in, or close to, the safe zone. Though there may be strong trade-offs between these resource efficiency indicators, they are all compatible with a safe land use.
Relevance to policy makers
In this study, we have identified the complex interactions existing between BECCS technical and environmental performance indicators. Assessing BECCS systems from a marginal cost per ton of CO 2 removed would therefore be incomplete. In particular, the strong trade-offs between water use and land use change, as well as between energy production and all of BECCS impacts, showed that one cannot optimise these systems from the perspective of a unique environmental impact. A sustainability standard which does not only regulate biomass maximum carbon intensity, but also BECCS water, land and CO 2 efficiencies, as well as land use change, will be required to ensure that BECCS is deployed within sustainable boundaries.
Growing perennial grasses on marginal land, whilst sustainable, might not be practical. 56 Actively engaging and incentivising all stakeholders of BECCS value chain, including farmers, will be crucial in unlocking BECCS deployment. Furthermore, in meeting a regional carbon removal target, the prevalence of imported biomass in the optimisation results highlighted the preeminence of parameters such as yield, CO 2 intensity of electricity, and climate data, over transport distance. Regions with good compliance with these parameters were repeatedly selected regardless of the CO 2 storage location. One implication of this is that BECCS policy frameworks will need to consider the logistics, and negative emissions accounting of a system where regions meet their carbon removal target with imported biomass. Another implication of this is, were CO 2 storage to be available in regions providing sustainable biomass, for example Brazil in this case study, a potentially important share of the global carbon removal target could be achieved by a 100% Brazilian BECCS value chain. How much of the world carbon removal target could be met with this value chain, as well as the potential environmental and economic trade-offs between local and international value chains, are important research questions to tackle. If we take this thought experiment further in the context of meeting a global CO 2 View Article Online removal target, it is conceivable that a region A meets its target using biomass feedstock from a region B to store CO 2 in a region C. Integrating the multi-polarity of negative emissions in the design of policy frameworks will likely be a crucial policy challenge for BECCS. Implementing different CO 2 storage sites, as well as a CO 2 transport and storage value chain model, into MONET, is however required to investigate these challenges further.
Conclusions
In this contribution, we have presented a framework which enables the study of the complex relationship between the ability of BECCS to be net energy positive, net carbon negative, and the broader environmental impacts of large-scale deployment of this technology. In the context of determining the extent to which each NET should be deployed for efficient and sustainable CO 2 removal, this framework could be applied to other NETs. By highlighting the trade-offs between BECCS resource efficiency, environmental performance and technical performance, this study shows that the design of BECCS value chain needs to be performed in the prism of all BECCS KPIs. Strong trade-offs with tipping points were identified between water use and the other two resource efficiency indicators in particular. How to build an objective function which reconcile all of BECCS' KPIs, while accounting for how BECCS performance may vary from one region to another, is therefore a key research challenge to be addressed.
Another conclusion is that, factors such as yield, carbon intensity of power, and high precipitation led to the selection of imported biomass over indigenous biomass. The design of policy frameworks considering the carbon accounting implications of using foreign biomass to store CO 2 in a given region, thereby meeting this region's carbon removal target, are paramount to facilitate local BECCS deployment. What is already complex at the megatone scale becomes manifold at the gigatone scale: how to regulate systems where biomass is imported from a productive region A, CO 2 is stored in region B with abundant storage, to meet the CO 2 removal target of a region C, as well as how to allocate credits among these actors, are key research and policy question to be investigated.
The availability of sufficient marginal land and agricultural residues were observed to be of paramount importance to our results. However, it is also recognised that their availability is controversial, at best. To provide insight into the impact of their respective availability, a sensitivity analysis of the optimisation results to the availability of marginal land and agricultural residues was performed. A first insight from this analysis is that agricultural residues exerted a first order impact on BECCS land use; residues being attributed low agricultural carbon and water footprints, total land use decreased by several orders of magnitude when using agricultural residues. Assessing precisely how much agricultural residues could be used for BECCS, without trespassing on other uses, could drastically relieve the pressure of BECCS on land use. A strong trade-off between water use and land use change was also identified: when minimising water use, using non-marginal land from low water footprint regions, and therefore causing land use change emissions, was preferable to using marginal land from higher water footprint regions. Water use and land use change being two critical sustainability indicators for BECCS, one should therefore be careful with potential direct and indirect land use effects when deploying BECCS from a water-saving perspective, and vice versa.
When ramping up the CO 2 removal target, it was found that the world median CO 2 removal target of 12 Gt CO 2 per year was only achievable by storing CO 2 in the UK when residues and all land types were considered for BECCS. It was also found that water use, land use and CO 2 efficiency did not increase linearly with the CO 2 removal target, as marginal land from ''sustainable'' regions get depleted as the CO 2 target increases, thus leading to the selection of other types of land or less sustainable regions. This shows that, though the UK has the storage capacity to achieve more CO 2 storage than its current target, there will be a clear trade-off between how much and how efficient carbon dioxide removal from the UK will be. This further confirms the need for multi-polar systems when deploying negative emissions at the gigatone scale. Implementing other storage sites in MONET will be required to investigate the optimal structure of the world CO 2 network for carbon dioxide removal.
Finally, maximising net energy production led to a drastic increase in the system's water use, land use, and land use change, as well as a decrease in CO 2 efficiency. This is explained by the fact that, at a given CO 2 removal target, regions which are less efficient at removing CO 2 are selected to maximise the amount of energy produced. A key insight from this result is that focusing exclusively on energy production and CO 2 removal is detrimental to BECCS resource efficiency and impact on ecosystems.
As a final thought experiment, we considered the proportional share of marginal land available, to what the UK is contributing to the world global carbon removal target by 2050, as a safe land use boundary in the context of UK CO 2 removal target. Were BECCS in the UK to be deployed subject to this land use constraint, it was found that BECCS electricity production objectives were still met. What this last analysis shows is that, whilst BECCS KPIs may be negatively correlated, they are, however, not incompatible: providing the right choices are made along BECCS value chain, BECCS can be deployed in a way that meets altogether its carbon removal objective, electricity production objective, and land use constraints.
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